Multiple-return laser radar for three-dimensional
imaging through obscurations
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A compact imaging laser radar was constructed and tested to investigate phenomenological issues in
targeting, especially cases involving imaging through obscurations such as foliage and camouflage
netting. The laser radar employs a Nd:YAG microchip laser that operates at a wavelength of 1.06 pm
and produces pulses of 1.2-ns duration at a 3-kHz rate. The detector is a commercial indium gallium
arsenide avalanche photodiode. A single computer controls the scanning mirrors and performs the
digitization of the returning signal at 2 giga samples/s. A detailed description of the laser radar is
presented as well as results from field experiments that examined its range accuracy capability and its

ability to image a target through camouflage. Results of data collected from deciduous tree lines are also
discussed to characterize the presence and quantity of multiple returns. © 2002 Optical Society of

America

OCIS codes: 280.0280, 280.3640, 110.0110, 110.6880.

1. Introduction

Three-dimensional (3-D) imaging for remote sensing
applications is one of the most active and productive
areas of electro-optical research and development, in
part because the problems are challenging and inter-
esting. Much of the early research in this field in-
volved atmospheric aerosol measurement by CO,
laser-based systems,-5 and this research continues
today. More recently, advances in solid-state lasers
such as Nd:YAG have made it possible to accomplish
atmospheric remote sensing at near-infrared wave-
lengths.67 Requirements for military, commercial,
and space-based applications such as obstacle detec-
tion, target identification, terrain mapping, and
navigational guidance are also being addressed
by various types of laser radar system currently un-
der development.8-1°© One particularly challenging
problem is the military requirement to identify tar-
gets that are partially obscured by man-made or nat-
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ural obscurants, such as camouflage netting, foliage,
smoke, or fog. Similar commercial and law enforce-
ment needs include terrain mapping below a foliage
canopy, surveillance through foliage, and agricul-
tural monitoring. Recent advances in laser- and
computer-related systems have made it possible for
us to develop a direct detection laser radar system
with enhanced capability to identify targets behind
such obscurations. A key difference between our
system and other laser radars stems from the capa-
bility to digitize and store the entire return pulse (for
a software-selectable range gate of interest.) We
briefly describe the basic principle of operation and
system architecture of the laser radar system. Field
trial results demonstrate the system capabilities,
with emphasis on 3-D imaging in the presence of
obscurations such as foliage and camouflage netting.

2. Principle of Operation

Our laser radar is based on standard direct detection
laser-ranging principles. For a single ranging oper-
ation a short pulse of laser radiation is generated by
the transmitter, formed by beam shaping optics, and
directed toward the target or area of interest. The
laser radiation travels through the atmosphere, is
scattered by whatever it hits, and a small portion of
the laser radiation is reflected directly back to the
transceiver. The returned optical energy is collected
and focused by receiving optics onto a photodetector,
which generates a voltage proportional to the optical
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Fig. 1. Plots showing typical return signals from different types of
target: (a) single return, (b) double return, (c) multiple return.

power received. The range to the target is deter-
mined by measurement of the round-trip time neces-
sary for the laser pulse to travel to the target and
back to the receiver, which is collocated with the
transmitter at the transceiver head. For an imaging
laser radar, such as the one presented here, the rang-
ing process is repeated for each pixel in the scene of
interest when the laser is scanned in a raster fashion.

The temporal characteristics of the return signal
are dependent on the object or objects that intercept
the beam as it propagates away from the transmit-
ter.!! For example, an extended, flat target that in-
tercepts the entire beam results in a single-pulse
return on the photodetector, as shown in Fig. 1(a).
However, if the laser beam is only partially inter-
cepted by an object, some portion of the outgoing
energy is scattered whereas the remaining energy
continues to propagate forward. If a second object
lies in the path of the laser beam, behind the first
object, some or all of the remaining energy will be
scattered. The second return occurs from a greater
distance, corresponding to a later time. As a result,
the return signal will contain two pulses, as shown in
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Fig. 2. Laser radar data can be displayed as a 2-D range-gated
image.

Fig. 1(b). The partial scattering case can easily
manifest itself as many return pulses for certain ob-
scurations, such as foliage or camouflage netting. A
representative laser radar return signal from heavy
foliage consisting of trees and branches is shown in
Fig. 1(c). Multiple returns such as that shown in
Fig. 1(c) are common, especially in military situa-
tions, and most tactical laser range finders provide a
multiple-target indication. Typically the tactical la-
ser range finder provides the range measurement
corresponding to either the first return or the final
return received during a lasing operation, which is
referred to as first-pulse—last-pulse logic.12

It is clear from Fig. 1 that a great deal of target
information is contained in the entire return signal.
This is especially true for targets obscured by foliage,
camouflage netting, smoke, or other obscurations.
Traditionally, this information has been discarded by
incorporation of either first-pulse or last-pulse logic
for range finding and laser radars.’? Our laser ra-
dar system, on the other hand, digitizes and stores
the entire return pulse (for a software-selectable
range gate of interest.) This factor is key to enhance
targeting capabilities through obscurations and is
what makes our system different from other laser
radars.

Figure 2 illustrates the effect of digitizing and stor-
ing the return signal for a range gate of interest.
The laser radar data set consists of a 3-D array of
8-bit intensity values, represented in Fig. 2, as a
series of two-dimensional (2-D) range slices. The
data volume is determined in 6 and ¢ by the scanning
parameters and in p by the digitization length of the
avalanche photodiode (APD) signal. The temporal
separation of each 2-D range slice is determined by
the digitization frequency (f;) and corresponds to the
spatial range slice depth of
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where c is the velocity of light. Laser radar data can
be displayed in a number of ways, from a 2-D inten-
sity image showing a single range slice to a full 3-D
rendering of the entire volume of data. Somewhere
between these two representations is the display of
multiple range bins to show a specific range-gated
volume. Examples of each of these display tech-
niques are given in Section 4.

3. Laser Radar Architecture

The laser radar transceiver architecture is based on
standard direct detection laser ranging. A micro-
chip laser generates bursts of high peak power, short-
pulse laser radiation that are scanned over the area
of interest. Scattered radiation is collected by the
receiver, which has a common aperture with the
transmitter at the transceiver head. The transmit-
ted beam and received signals are separated by po-
larization. The laser radar return signals are
digitized and stored, resulting in a 3-D array of data
representing the entire volume of interest. The op-
tical layout, consisting of a collection of commercially
available components, is shown in Fig. 3.

The laser source, a Nd:YAG microchip laser (Litton
Airtron Synoptics), has an operating wavelength of
1.06 pm. Individual pulses produced by the micro-
chip laser have an energy of approximately 6.0 nd, a
pulse width of 1.2 ns, and are emitted at a rate of 3.0
kHz. These laser parameters result in a laser haz-
ard classification of 3b, in accordance with American
National Standards Institute Z136.1. To reduce the
nominal ocular hazard distance, a computer-
controlled shutter allows only laser radiation to be
emitted when the scanners are active. Also, for
safety reasons, an optical long-wave pass filter is po-
sitioned at the entry aperture of the telescope to block
radiation emitted from the diode laser pump, an in-
tegral component of the microchip laser package. A
diverging lens L, serves as the telescope secondary
optic, which in conjunction with the primary lens L,
offers a system beam divergence of approximately
100 prad. As shown in Fig. 3, the laser radiation
passes through a polarization beam splitter between
the secondary and primary lenses of the beam ex-

pander. Immediately after lens L,, the linearly po-
larized radiation is converted to circular polarization
by the 35-mm-diameter quarter-wave plate, the last
element of the optical path before the scanners, and
the limiting aperture for the sensor. Two galvanom-
eter scanning mirrors direct the laser radiation to
the area of interest, scanning the scene in a raster
fashion.

Reflected radiation is collected by the scanning
mirrors, focused by lens L, and directed by the po-
larization beam splitter to an InGaAs APD and pre-
amplifier module (Fujitsu Model FRM5W231DR).
The APD preamplifier has a 2.5-GHz bandwidth and
a 30-pm-diameter active area. Taking into account
the focal length of the lens L,, which is nominally 100
mm, the field of view of the receiver is 300 prad. A
MiniCircuits Model 500 LN postamplifier with a
bandwidth of 500 MHz further amplifies the output of
the detector preamplifier, resulting in the final re-
ceiver signal that is sent to the computer.

As stated above, our system’s enhanced capability
to detect objects behind or through obscurations
stems from the short laser pulse coupled with high-
speed digital sampling and storage of the entire re-
turn signal over a time period of interest. The
analog-to-digital (A/D) board for digitizing the return
signal is an Acqiris DP210, 2-giga sample/s data-
acquisition board. In the reported configuration, a
computer-controlled digital-to-analog board sends
the (8, &) drive voltages to the galvanometric scan-
ning mirrors, for positioning, and enables the A/D
acquisition board. The laser is free running, so the
next outgoing pulse triggers the acquisition board.
After a software-selectable delay, the acquisition
board begins to digitize the photodetector signal.
The number of samples acquired is predetermined
and software selectable. After the acquisition is
completed, the computer sends the coordinates (volt-
ages) for the next scan point, repeating the process in
a raster pattern for the entire data set. There are
two basic modes of operation, a single-shot acquisi-
tion, as described, and a four-shot average mode. In
the averaging mode, the scanners dwell at each scan
position for four complete digitization operations of
the APD signal, within the desired range gate. The
A/D board stores each acquisition in on-board mem-
ory, conducts an arithmetic average on the fly, and
transfers the resultant averaged signal trace to the
PC. A 256 X 256 X 256 single-shot scan takes ap-
proximately 40 s to complete in the current configu-
ration, and a four-shot averaged acquisition requires
approximately 90 s.

4. Breadboard Laser Radar Results

A. General Display and Processing Characteristics

As described in Section 2, the laser radar system
digitizes and stores the entire detected laser pulse for
each position in the scan, allowing for enhanced im-
aging capabilities through obscurations. The prod-
uct of a laser radar acquisition operation is a 3-D
array of 8-bit intensity values that is 256 X 256 X 256
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Fig. 4. Photograph of truck used in laser radar data collection.

in size. Along with minimal header information,
each data set requires approximately 16.5 Mbytes of
computer storage, uncompressed.

To describe common digital processing algorithms
and display techniques involved in laser radar data,
we present an example data set taken of a white
crew-cab pickup truck, at a range of 55 m, shown
photographically in Fig. 4. Horizontal and vertical
scan voltages corresponding to a full-angle scan of
97.0 mrad and a scan step size of 379 prad were used
for this data acquisition. Note that, with a beam
divergence of approximately 100 wrad, our step size is
approximately four times the beam size. Figures 5
and 6 demonstrate two different types of processing
and display of the laser radar data of the pickup
truck, the first based on the intensity of the return
signal and the second based on range information.

The initial phase of digital processing involves
range gating and peak detection. The images shown
in Figs. 5 and 6 are a 2-D representation of a limited
set of range slices encompassing the target, or area, of
interest (see Fig. 2). For example, information con-
tained in a 61-bin range gate, from approximately 54
to 59 m, is displayed in Figs. 5 and 6. Subsequent to
selecting a range gate, we applied a peak detect al-
gorithm along the longitudinal dimension of the laser
radar data set, thus reducing the 3-D volume of in-
formation into a 2-D image. That is, for each (6, ¢)
pixel in Fig. 5, the intensity of the p pixel having the
maximum return, within the range gate of interest, is
displayed. Figure 6, on the other hand, is a range

Fig. 5. Laser radar data showing intensity mapping of truck.
The range gate is approximately 54—-59 m.
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Fig. 6. Laser radar data showing range mapping of truck. The
range gate is approximately 54—-59 m.

representation of the same information. At each (0,
) location in Fig. 6, a color pixel is displayed indi-
cating the range to the p pixel having the maximum
return, again within the preselected range gate. In
Fig. 6, blue is used to show the shortest range, vary-
ing shades of green and yellow represent intermedi-
ate ranges, and red indicates the farthest range in
this image.

A combination of range gating and peak detection
reduces the laser radar information from a 3-D vol-
ume to a 2-D image. A second phase of digital pro-
cessing is then applied to the laser radar images,
primarily for display purposes. An intensity map,
such as that shown in Fig. 5, undergoes a digital
normalization process. The largest returns are as-
signed a gray-scale value of 255 (white), low returns
are assigned a value near zero (black), and a linear
distribution is applied to intermediate values. Ar-
eas containing no strong return signal (such as the
sky above the truck) are normalized to a gray-scale
level near black. This is not the case, however, for
the range-mapped image shown in Fig. 6. Because
the color assigned to the image pixel is based entirely
on the range information and not the signal strength,
each pixel in the image is assigned a color correspond-
ing to the range of the peak return at that (6, ¢) point.
Therefore threshold processing is also required to
generate an image such as Fig. 6. Applying a digital
threshold allows us to display pixels containing low
signals as black; while color range mapping is used
only for stronger returns.

B. Range Accuracy

To investigate the relative range accuracy of our laser
radar, a data collection was taken of a 4 ft X 8 ft (1.22
m X 2.44 m) target board with an adjustable 1-ft-
(0.305-m-) square central piston. The plywood tar-
get board was painted gray with a 20% reflectivity at
1.06 pm. Horizontal and vertical scan voltages cor-
responding to a full-angle scan of 37.3 mrad and a
scan step size of 146 prad were used for this data
acquisition. Note that, with a beam divergence of
approximately 100 prad, our scanning step size is
approximately 1.5 times the beam size. Figures 7



Fig. 7. Single range slice of the target board at 57.3 m.

and 8 show intensity and range results with the cen-
tral piston positioned 1.5 in. (3.81 cm) in front of the
target board. Figure 7 shows a single range slice at
57.3 m in which the central piston is clearly discern-
able from the target board. To digitally extract a
single range slice (a 2-D image of constant range)
from the 3-D volume of data, the 2-D (0, ¢) array of
intensity values is simply extracted from the 3-D ar-
ray for a given constant p. The 2-D image is then
normalized to enhance the dynamic range and con-
trast for display purposes. A narrow range gate con-
sisting of four range bins is displayed in Fig. 8, in
which four colors representing range bins separated
by 0.075 m are distinguishable across the target
board. Again, the piston of differing range is appar-
ent in the range-mapped image. Itis clear from both
Figs. 7 and 8 that the target board is leaning slightly
away from normal to the laser radar scanning pat-
tern in that the lower left corner of the board is clos-
est, whereas the upper right corner is farthest from
the transceiver. It is interesting that, for any given
pixel, a range accuracy of approximately 3 in. (8 cm)
is achievable based on the sampling rate, in accor-
dance with Eq. (1). However, it is possible to distin-
guish range differences of less than 3 in. for an area
target, such as the target board and piston. As the
laser radar scans an area situated between two ab-
solute range bins, the statistical distribution of mea-
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Fig. 8. Multiple-slice range map of the target board.
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Fig. 9. Range-gated intensity images extracted from a single la-
ser radar acquisition. Ranges in meters are (a) 56.7-59.0, (b)
59.0-61.2, (c) 61.2-63.5, (d) 63.5-65.7, (e) 65.7-67.9, (f) 67.9—
70.2.

sured ranges for that area is related to the actual
range. Ifthe actual range is closer to the range bin
corresponding to the yellow pixels, for example, there
will be more yellow pixels in the area than some other
color, say green. It should be possible to obtain a
more accurate range estimation of surfaces that lie
between range bins by a statistical analysis over the
area of interest. Similarly, for the human observer,
the eyes have a tendency to spatially average the
pixel data over an area. In this manner, we are able
to distinguish areas containing range differences of
less than the absolute range capability of the laser
radar for a single pixel. Similarly, even though only
four range bins are represented in the returns from
the entire target board shown in Fig. 8, the observer
can (arguably) distinguish nearly twice as many sep-
arate ranges in the color representation. For exam-
ple, the observer may claim to distinguish a yellow
region, an orange region, and a yellowish orange re-
gion. A data collection was conducted with the pis-
ton positioned 1.0 in. (2.54 cm) in front of the target
board, but the results (not shown here) indicate that
the piston is indistinguishable from the target board
in that case. By incorporating slightly more ad-
vanced digital processing, such as deconvolution,
which has been applied to long-pulse laser radar sig-
nals,3:14 our overall depth accuracy can be improved.

C. Investigation of Multiple-Pulse Data

The laser radar imagery of Figs. 5-8 is representa-
tive of typical data that could have been generated
with a first-pulse—last-pulse logic-based direct detec-
tion system. To demonstrate the enhanced capabil-
ity gained from keeping multiple-return information,
we conducted a laser radar acquisition of an area
with dense foliage. Figure 9 shows a series of six
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Table 1. Return Pulse Statistics for the Data Set Shown in Fig. 9

Number of Signal Pulses in

Laser Return Number of Occurrences

No return 190
Single 23,246
Double 30,998
Three 7575
Four 871
Five 63
Six 2

range-gated intensity images extracted from that
data set. Each image represents intensity informa-
tion from a 30-bin (approximately 2.2 m) range gate.
Digital processing is as described above for Fig. 5.
The first range-gated intensity image, Fig. 9(a), cor-
responds to ranges from 56.7 to 59.0 m. Each sub-
sequent image displays the next 2.2 m of foliage.
The six-image set therefore spans a total of approxi-
mately 13.2 m.

To quantify the advantage to 3-D imaging gained
through fully incorporating multiple-pulse informa-
tion, we consider the data set of Fig. 9 in greater
detail. To acquire valid statistics of multiple-return
signals, a small, noisy portion of the data is ignored.
The leftmost columns of Fig. 9 contain excess noise,
presumably from the scanning mirrors, so the first
ten columns are zeroed out prior to pixel counting
procedures. Working with this 256 X 246 X 256
sized data set, we count the number of signal pulses
present in the entire 3-D volume, where a signal
pulse is defined by a threshold-to-noise figure of 6.2,
which for our system corresponds to a false-alarm
rate of 1.3 Hz.12 There are 111,778 signal pulses
present in the 3-D volume, compared with a possible
62,976 (256 X 246) if single-pulse logic is employed,
indicating that we are able to acquire nearly 1.8
times more information. To determine how that ad-
ditional information manifests itself, we constructed
a histogram of the number of signal pulses present for
each laser-ranging operation. These data are pre-
sented in Table 1. We can see that 8511 laser-
ranging operations, or 13.5%, resulted in three or
more laser returns.

It is apparent that important information is
present in the interior volume of laser radar returns.
To investigate the impact this information has on 3-D
image creation, consider a data set equivalent to Fig.
9(f), but recorded by a first-pulse detection system.
We can extract this first-pulse data set from our data
by digitally eliminating all returns that are received
at a time later than the initial pulse for each (8, ¢)
position. We then impose, on the first-pulse pro-
cessed data set, the same range gate as in Fig. 9(f).
Counting the number of signal pixels in the processed
and gated data set tells us the number of returns
between 67.9 and 70.2 that are the result of a first-
pulse return. That value is 2938 pixels. There are
7185 signal pixels in Fig. 9(f), showing that 4247
(more than half) of the signal pixels in that range
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Fig. 10. Photograph of camouflage net and white truck.

gate are the result of a multiple-pulse return. For
3-D imaging in heavy foliage, it is apparent that use
of multiple-pulse data can have a significant impact.

D. Laser Radar Imaging through Obscurations

The primary advantage of our whole-return detection
scheme is an enhanced capability to accomplish 3-D
imaging through partial obscurations, such as foliage
or camouflage netting. We demonstrate this capa-
bility with a practical example. Figure 10 shows a
photograph of the white crew-cab pickup truck be-
hind heavy camouflage netting, whereas Figs. 11 and
12 show the corresponding gated range data from the
laser radar. The truck is positioned broadside to the
transceiver at a range of approximately 57 m. Two
camouflage nets are positioned between the trans-
ceiver and the truck at ranges of approximately 54
and 55 m. Horizontal and vertical scan voltages cor-
responding to a full-angle scan of 111.9 mrad and a
scan step size of 437 prad were used for this data
acquisition. As we have shown for previous data
sets, Fig. 11 is a range-gated intensity map of the
vehicle and Fig. 12 is a gated range mapping of the
same target. The displayed range gate contains 20
range slices spanning the ranges from 57.6 to 59.8 m.
For comparison purposes, we show the identical tar-
geting situation, but without the camouflage netting
present, in Figs. 13 and 14. Conducting a similar
pixel counting technique as prescribed above, we find
that the gated image of the truck without any obscu-
rations contains 9799 signal pixels, whereas Fig. 12
contains 3132 returns. We conclude therefore that

Fig. 11. Laser radar intensity data of truck behind heavy cam-
ouflage netting.
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Fig.12. Laserradar range data of truck behind heavy camouflage
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we are able to detect approximately 32% of the target
information through a double camouflage net.
Advanced techniques for target identification
through dense foliage involve combining several laser
radar data sets of the same general area, but ac-
quired from different transceiver positions.’> For
this case, as the look angle to the target changes,
different portions of the target become visible to the
sensor through the foliage. With each data acquisi-

Fig. 13. Laser radar intensity data of truck without camouflage
netting.
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Fig. 14. Laser radar range data of truck without camouflage
netting.
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Fig. 15. Results of pixel counting in a selected range gate for the
combined data.

tion, a little more of the target is pieced together until
a positive identification is possible. According to
Zheng et al., target identification is possible with 200
pixels on target, provided that the data have a high
signal-to-noise ratio and adequate range accuracy (15
cm or better).16 Interestingly, a similar situation
arises (without moving the transceiver), under windy
conditions, because of the constant movement of the
foliage.

To investigate this concept we conducted several
data acquisitions having the same rudimentary qual-
ities as the multiple look-angle case. We repeated
the data collection of Figs. 11 and 12 but moved the
camouflage netting slightly between data acquisi-
tions. We then combined two of these data sets by
first range gating to eliminate the camouflage netting
from the data set. Second, the peak detection algo-
rithm is invoked on each gated image. Finally, the
images are compared on a pixel-by-pixel basis. At
each (0, ¢) position, the maximum intensity value of
the two images is kept and inserted into the final
(processed) image. Thus the important target pixels
from each acquisition are pieced together into a single
data set. This processing is similar to ORing, except
the intensity value is maintained. Mathematically,
this can be described by the following:

1(6, $) = max[I1(6, $), I,(6, $)], (2)

where I(60, ¢) is the intensity of the processed image at
position (6, ¢), I;(8, d) is the corresponding intensity
value for the first data set, and I,(0, ¢) is the intensity
of the pixel in the second data set. We evaluate the
effectiveness of piecing together the target in this
manner by counting the total signal pixels in the
range gate of the truck after multiple implementa-
tions of Eq. (2). We make a comparison with the
number of returns from the unobscured vehicle (Figs.
13 and 14). A plot of four such operations is shown
in the graph of Fig. 15. Figure 15 shows that, when
two images are combined in this fashion, nearly twice
as many laser returns are detected from the target,
thus increasing the percentage from approximately
32% to 61% of the returns from the unobscured ve-
hicle. Combining data from a third look increased
the overall number of pixels to 76%, and a fourth

20 May 2002 / Vol. 41, No. 15 / APPLIED OPTICS 2797



Fig. 16. Laser radar intensity data of truck behind heavy cam-
ouflage netting after four images are combined digitally.

combination resulted in 86% of the possible target
pixels being received. Intensity and range map-
pings of four data sets, individually acquired through
double camouflage netting and subsequently pro-
cessed in accordance with Eq. (2) to form one image,
are shown in Figs. 16 and 17.

5. Conclusions

We have presented a direct detection-based imaging
laser radar system designed to investigate 3-D imag-
ing through obscurations such as foliage and camou-
flage netting. The operating wavelength of the laser
radar is 1.06 pm, employing a Nd:YAG microchip
laser and an indium gallium arsenide APD. The key
technology enabler to image through obscurations is
a detection scheme that includes a fast A/D opera-
tion, digitizing and storing the entire return pulse
(within selectable limits) for each ranging operation.
When imaging through obscurations, such as foliage,
target information manifests itself in multiple laser
returns. We incorporated multiple-return informa-
tion into our 3-D images rather than discarding it, as
is the case with first-pulse—last-pulse logic-based sys-
tems. In a case study of 3-D foliage data, analysis
shows that 63% of the ranging operations contained
two or more return pulses, and 13.5% contained three
or more returns. We have also offered a brief anal-
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meters
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Fig. 17. Laser radar range data of truck behind heavy camouflage
netting after four images are combined digitally.
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ysis of sophisticated 3-D targeting techniques that
piece together information from multiple data collec-
tions. In our case, laser radar data were collected of
a target approximately 70% obscured by heavy cam-
ouflage netting. Between data acquisitions, the
camouflage was moved slightly or allowed to blow in
the wind. By combining target information from dif-
ferent acquisitions, we were able to image 86% of the
possible pixels after piecing together just four data
sets. Because of recent technological advances, es-
pecially in laser technology, digital data acquisition,
and computer storage, we were able to develop this
laser radar system that is reasonably fast, compact,
and relatively inexpensive. Current research and
development efforts in eye-safe microlasers!”-19 and
advanced scanning technology2?? will enable future
scanning laser radar systems operating in an eye-
safe mode to acquire similar 3-D data in a fraction of
the time.
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